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| Fig. $8. Currents in double-wye connected 
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Fig. 7. Neutral current vector diagram 
after first interchange. 


Fig. 9. Currents in equivalent delta con- 
nected capacitor bank. 
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BALANCING DOUBLE-WYE HIGH VOLTAGE CAPACITOR BANKS 


O. Re Compton 


Occasionally double-wye connected high voltage capacitor banks, using neutral current 
relaying, have sufficient residual current flowing in the neutral to cause improper relay 
operation thus endangering the capacitors. This paper summarizes the problem, establishes 
limits for the maximum allowable residual neutral current and presents methods for balanc- 


ing the capacitor bank, if necessary, to reduce the residual neutral current to the allow- 
able limit. | | 3 


| When a large, high voltage capacitor bank is composed of multiple series sections per 
phase and a sufficient number of parallel capacitor units per series section to meet the 
minimum bank size requirement, at least one capacitor unit may be removed from any series 
section without encountering voltages in excess of 110% of rated voltage on the remaining ~ 
capacitorsel However, the loss ef two or more units in any one series section can produce 
dangerous overvoltages within the section in which the units are lost.1,2 


Protective relaying is often used to give indication and/or trip the bank when a suf- 
ficient number of units are lost within one series section te cause the voltage appearing 
across that series section to exceed 110% of rated voltageel Since the majority of power 
capacitors used in the United States in high voltage banks are manufactured with a 0 to 
plus 15% telerance, there may be sufficient inherent unbalance to cause the protective re- 
lay scheme to operate prematurely or not eperate at all when needed, depending on the mag=- 
nitude and phase angle of the residual current.3 | << : 

In addition te unbalance caused by the variation in capacitance of individual units 
because of the O to plus 15% qranufacturing tolerance, unbalance may also arise due to: 


1. Units in upper tiers operating in higher ambients because of warm air rising frem | 
_ lewer tiers. | 


2. Capacitors in top tier being subject to direct sunlight will operate at higher in 
ternal temperatures than units in lower tiers. 3 

36 And, units in top tier will cast their shadows on lower tiers, thus soaking units 
in lower tiers to operate at a relatively lower internal temperature. 


Specifically this paper deals with doubleé-wye connected banks using neutral current 
relaying since it is the most widely used system. Its popularity is the result of its low 
cost, when compared to other schemes which are also insensitive to external system condi- 
tions and yet extremely sensitive toe unbalanced bank conditions. This was also the type 
relaying used on the Virginia Electric and Power Company's banks which were balanced by 
the methed presented herein. _ 


ae = is the purpose of this paper to present a basis for theoretically establishing a 
isfactory maximum allewable neutral residual current and two methods of balancing double- 


" Wye cennected capacitor banks when it is found the initial residual neutral current exceeds 


_ the maximum allowable damit. 
a N cs : : bee 
Be ent ermally the neutral relay is set to pick up midway between the values of neutral cur- 


ey ebtained when the maximum permissible number of units and the maximum 
. er plus one unit in the same series section are lost. The maximum permiss~ 


EGY 


ible number of units lost is defined as the maximum number that can be lest in one serie 
section without the voltage across that section exceeding 110% of rated capacitor volt s : 
This midway relay setting gives equal margin en either side te prevent premature relay oe 
ation when ne more than the maximum permissible mmber are lost and te assure operatien aaam 
ene additional unit in the same series section is lost. | Eee woem 


The maximum permissible number of units that may be removed frem one series section may 
be determined by the curves of the equation shown in Fig. 1. The resulting neutral current 
may be determined for the loss of any number of parallel units in one series section by the 
curves of the equation in Fig. 2. The derivation of equations in Figs. 1 & 2 is shown in 
appendices L and II respectivelye | 


The curves of Fig. 2 may also be used te establish the approximate neutral relay set-— 
tings. For example, assume a double-wye connected bank made up of three series sections 
per phase and eight parallel units per section. From Fig. 1 it can be determined that the 
maximum permissible units that may be lost is one. When two units in the same series sec- 
tion are lost, the bank should be relayed off. Therefore, the neutral current relay sheuld 


be set to pick up at a value of current equal to the less of approximately one and one-half 


units or loss of (1.5/8) (100) = 18.75 units. Entering the curves on Fig. 2 at the loss of 
18.75% units will indicate a relay setting of 1.84 of total bank current. 


The relay setting in per cent of total bank current may be specifically determined by 
the use of the following equation: 


af 


cs 3 150 4) 
R én ( M-— 1)+5_ GN { M- L)+5 
K+1 ae 


‘MAXIMUM ALLOWABLE NORMAL RESIDUAL NEUTRAL CURRENT WITH ALL UNITS IN SERVICE 


Tt can be readily seen that under normal conditions the maximum neutral residual cur- 
rent must be something less than one-half of the difference between the theoretical neutral 
currents obtained when the maximum permissible number of units and the maximum permissible 
number plus one unit are loste | | 


7 A realistic limitation of the maximum would be one-fourth of the difference in neutral 
currents when the maximum permissible number of units and the maximum permissible number 
plus ene unit are lost. The maximum allowable residual current in per cent of total bank 
current may be determined by the fellowing equation: 


Ta = 150). - 150. = 42) 
6N ERS a L)+5 6N CM -. L)+5 
K+1 K 


This value of maximum allowable residual current would provide ample margin against 
false tripping and at the same time aveid the trying task of obtaining a super fine degree 
of balance. : oe 


The residual neutral current compenent due to the difference in capacitance of units 
allowed by the 0 to plus 15% manufacturing tolerance will remain essentially constant for 
a given bank. However, the residual neutral current may vary to a slight degree because 
of the difference in internal operating temperatures because of the effect of upper tiers 


operating in higher ambients -and being subjected to direct sunlighte 


Variations in capacitance due to different internal operating temperature could ae 
substantial since the capacitance of an askarel treated capaciter decreases approximave J 


| <i A 
the value of maxl 


_ 


ey wd 


235 


Be 55 20° rise in internal operating temperature. Experience has shown that 
Be the top tier can easily operate with internal temperature of 50C, to 10°C. above 
ey Gemperature units in the bottom tier. 


= ; t high voltage capacitor banks are so arranged that the effect of 
BM terrat opereting Re ccrutures is distributed throughout the bank, so that the 
Be imate respective balance is maintained. However, there is ample margin to allow for 
., degree of changing unbalance due to different internal operating temperature when 

a mm allowable residual current specified above is maintained. 


FIFLD BALANCING OF DOUBLE-WYE CONNECTED HIGH VOLTAGE ..BANKS 

The following discussion will describe the general procedure incorporated to balance 
the No. 4 and No. 5 capacitor banks rated 24,750 KVAR, 108 KV, 3=phase, double-wye 
connected, at the Virginia Electric and Power Company's Peninsula Substation. Both banks 
are identical in design and are shown schematically in Fig. 4. A photograph of Bank No. 5 
is shown in Fig. 5. Each bank is made up of standard 25 KVAR, 4160 volt, single-phase 


distribution capacitors with fifteen series sections per phase and eleven parallel units 


per series section. 


The resulting voltage rise across a series section due to the loss of one capacitor 
within that section is 9% as determined from Fig. 1. Since the loss of two units in the 
same series section results in a voltage exceeding 110% of rated capacitor voltage, it is 
necessary to relay the bank off when more than one unit is lost in the same series section. 


The theoretical neutral current flowing when one and two units are lost is 0.24 
amps. and 0.51 amps. respectively. Therefore, the neutral relay is set to pick up at 
(1/2) (0.24 + 0.51) or 0.375 amperes. Likewise, the maximum allowable residual neutral 
current limit is established to be (1/4) (0.51 = 0.24) or approximately 0.07 amperes. 


With the maximum allowable residual neutral current limit established at 0.07 
amperes the resulting neutral currents would range between 0.24 + 0.07 and 0.51 ¢ 0.07 
amperes when one and two units were lost respectively. The exact value of the resulting 
neutral currents when one or two units are lost would depend on the particular phase 
group in which the units were lost and the magnitude gand phase angle of the residual 
neutral current. : 


Each bank was energized to determine the initial residual neutral current. It 
was found the initial residual currents were 0.295 amperes for Bank No. 4 and 0.265 
amperes for Bank No. 5. It is obvious that these magnitudes of residual neutral current 
would cause false relay operation. For example, in Bank No. 4 the loss of one unit in any 


one of the six phase groups could cause a resulting neutral current of 0.24 + 0.295 amperes. 


With the relay set at 0.37 amperes, the bank could be easily relayed off unnecessarily. 
Similarly, with two units lost the neutral current in Bank No. 4 could range between 
0.51 + 0.295 amperes and this could result in two units being removed without encountering 
sufficient neutral current to pick up the relay and thus endangering the remaining units 


_ din the series section containing the lost units because of overvoltage operation. 


Procedure 


The following steps constitute the general procedure followed in balancing the 
No. 4 & No. 5 Banks at the Peninsula Substation: : - 


1. Determine the magnitude of initial residual neutral current. 


2. Determine phase angle of initial residual neutral current. 


ele 


3, Determine the phase sections contributing to the initial residual neutral c 
rent and capacitance change necessary to reduce the residual neutral eureeetiae 
within the maximum allowable limits. . | Se: © 


le Interchange high and low capacitance units to accomplish the capacitance change 
dictated by step number 3. se 


1. Magnitude of Initial Residual Current 


The magnitudes of the initial residual currents were determined by energizing each 
bank and measuring the neutral current on the secondary side of the one-to-one neutral 
current transformer. The initial residual neutral currents were 0.295 amperes and 0.265 
amperes respectively for Banks No. and No. Ci | | 


2. Phase Angle of Initial Residual Current 


Neutral current measurements were made on each bank with one capacitor out of one 
section of one phase group. This test was repeated six times to enable the phase angle 
of the initial residual neutral current to be determined by graphical analysis. It 
would, of course, have been possible to determine the phase angle with fewer measurements. 
For each test the bank was normal except one capacitor was removed from the series section 
nearest the neutral in a different phase group each time. The results of these tests are 
shown in Table I for Bank Noe le | | 


It was calculated that the phase group in which the one unit was removed would supply 
a Oo2 ampere neutral current in phase with the line current. Therefore, six vectors, each 


- gixty electrical degrees apart and each with a magnitude of O .2l amperes were plotted, 


as in Fig. 6. The magnitude only was measured for each of the six conditions where one 
unit was removed, as above. This magnitude was the vectorial sum ef the 0.2 ampere in- 
phase component plus the component preduced by the capacitance unbalance (initial residual 
current) an unknown angle. | 


Tf a circle is drawn with a radius equal to the initial residual current, as found 
in Item I above, and centered at the head of a 0.2) ampere in-phase vector, that circle 
will be the locus of all possible total neutral currents when one unit is removed from 
that phase group. A second circle with a radius equal to the total neutral current with 
its center at the origin is drawn. This second circle will also be the locus of all 
possible total neutral currents. These two circles will intersect at two points; one of 
which is the lecus of the initial neutral current vector. 


For example, in Fig. 6, a circle with radius equal to I normal is drawn with the 
head of vector I, as the center. Then a second circle is drawn with the center at the 
origin and a radius equal to the total neutral current measured when one unit is removed 
from the A phase, Top group. These two circles will intersect at the head, of vector TATA 
and at a second point 180 electrical degrees (through the head of vector Tar) from lata, 
A line drawn from the head of vector Ij, te each of these intersecting points will be the 
two possible normal unbalance current vectors. These vectors are equal in magnitude and 
180 electrical degrees apart in angle. 


This precedure is repeated for another phase group and it becemes apparent which 
is the cerrect direction for the normal unbalance current vectors 


The graphical analysis for determining the phase angle relationship of the initial 
residual or normal unbalance current is shown in Fig. 6 for Bank No. h. This current was 
found to be 06295 270° amperes. 


" B-Bottom phase and 
groups. 
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ee, table ie Wal reveal that the loss of one unit from any section in. 


a phase of Bank No. lj would have produced a breaker trip with a 


of 0037 amperes. 


ng In the remaining phase groups, two or more capacitors - 
- to be removed from th cies 


e same series section to produce a breaker tripe 


Pose Groups Contributing to Unbalance 


| fA study of vector diagram for Bank Noe shows that the neutral current was high on 
. C-Top phase when one capacitor was removed from these respective 
Te neutral current was equal in both A=-Top and A-Bottom phase groups when one 
r was removed from either of these groupSe 


It was assumed that B-Bottem phase and C-Top phase contributed equally to the initial 
neutral current. That is, 0.295 / 2 or Ooli8 amperes was contributed by each of these 


phase groupSe The phase angle between BeBottem phase and C-lIep phase is about 30° above 


and below the initial residual neutral current. Therefore the gross current component con- 
tributed by B-Bottom phase and C-Top phase equals (O.18/cos 30°) or 0.171 amperes. 


Tf 0.2): ampere equals the theoretical neutral current produced by the loss of ene 
unit, the 0.171 ampere component equals the current produced by the equivalent loss of 
0.171/0.2 or O71 of a unit. This indicates a balance could be obtained by moving 0.71/2 
or 0.35 of a unit from B-Top phase to B-Bottom phase and 0.35 of a unit from C-Bottom 


phase to C-top phase. 


he Calculation of Number of Units tc Interchange 


Each unit contains approximately 4.0 microfarads of capacitance, therefore, it was 
necessary to interchange (0.35) () or 1.0 microfarads between the Bephase groups and 
Cephase groups. To determine which units to interchange a capacitance bridge was used te 


measure the capacitance of units in the top and bottom tiers of phase B and ©. Individual 


unit capacitance was taken of each individual unit starting with the series sections near- 
est the neutral. This procedure was continued until a sufficient number of high and low 
units were found to make a total transfer of 1.2h microfarads from B-Top phase to B-Bottom 
phase and from C-Bottom phase to C-Top phase respectively. In order to accomplish this 
change in capacitance, 20 units were interchanged in the B-phase and 18 units were inter- 
changed in the C phase. | , 

| q 


After the interchange was completed a check was made of the residual neutral current 
and it was found to be 0.13 amperes. Therefore, it was necessary to repeat the balancing 
procedure e , 


The results of tests taken to determine the phase angle of the residual current after 
the first interchange are shown in Table II, and Fig. 7 shows the graphical analysis for 
determining the new residual neutral current to be 0213/1829 amperes. 


An analysis of Fig. 7 indicated an additional transfer of 0.8 microfarads was needed 
from B-Top phase to B-Bottem phase. The 0.8) micrefarad change was accomplished by inter- 
changing 12 additional units in the B phase. 


The residual neutral current was checked after the second interchange and was found 
to be 0.06 amperes which is within the maximum allowable residual neutral current of 
0.07 amperes. | : | 


The same procedure was used to balance Bank No. 5. The initial neutral residual cur- 
rent was 0.265 amperes. After interchanging 26 units in B phase and 18 units in C phase 
the residual neutral current was reduced te 0.098 amperes. A second interchange of 12 — 
units was made in C phase which reduced the residual neutral current to 0.072 amperes which 
is considered satisfactory. 


| Bu 
Substation Operating Procedure 


It was first decided te lower the system voltage at the Peninsula Substation each 
time the banks were energized for a neutral current measurement test in order to offset 
the voltage rise caused by the capacitors. This required considerable time for system 
coordination before each test and as a result tests proceeded rather slowly the first 
day. Since it required only approximately three seconds to make each current measurement, 
it was decided by the System Operater that ne voltage drep would be required before ener- 
gizing the bank. The voltage reduction is more harmful than the three second voltage rise. 
After this change in procedure was made, neutral current measurement tests were conducted 
very rapidly. : 


When making capacitance measurements prier te selecting specific units to interchange, 
it was found that approximately ) units would have to be measured for capacitance for 
every two units interchanged. One hundred units were measured in Bank No. h before se- 
lecting 50 to interchange; 112 units were measured in Bank No. 5 before selecting 56 units 
to interchange. | : | 


It required feur days to attain the proper balance on beth banks. 
BALANCING WITH PHASE METER AND WATTMETER 


Since the original balancing of the capacitor banks at Peninsula Substation, a simpler 
method of determining the phase angle of the neutral current has been developed. This 
method can utilize either a phasemeter to compare the phase angle of the neutral current 
with a reference potential, or a wattmeter for comparison of real. power derived from the 
neutral current with each of six reference potentials. These methods use a circuit as 
illustrated in Figure 3. 


This method utilizes the residual neutral current and one of six potentials as input 
quantities into a phasemeter and a wattmetere See Fig. 3. The six potentials are sixty 
electrical degrees apart. 


With these quantities, it is possible to determine the phase angle of the residual 
neutral current and then proceed with the balancing as disussed above. 


The wattmeter may have an application in normal operation. It is the practice of the 
Operating Department to inspect the capacitor installation ence a week, This inspection 
if for blown fuses and other discrepancies. Since there are almost 000 capacitor unit 


fuses in the installation, the inspection is quite time consuming. A single-phase watt- 


meter might be installed on the control panel for each bank. A blown fuse would cause a 
rise in the residual neutral current of the bank which would be indicated on an ammeter 
on the centrel panel. If the inspector notes a rise in the residual neutral current, he 
would proceed to apply the different potentials to the wattmeter with a rotary switche 
By noting the maximum wattmeter indication, he could determine which phase group has a 
blown fusee The equipment for this installation would not be expensive. 


CONCLUSIONS _ 


The following conclusions are based on the characteristics and procedure for balanc~ 
ing high voltage, double-wye connected capacitor banks: | 


le Double-wye connected high voltage banks may have sufficient initial residual 
current to cause improper operation of the neutral current relay used to prevent 
everveltage operation of capacitor units when an excessive number of units are 
lest in one series section. 


Sicha Gin Seo ESA CRT ORR NRE 


Sy ae | : Oe 


| 7 th all units in service is the reault of 3 
The normal residual neutral current wl 7 NOMENCLATURE 


3 cturing tolerance of individual capacitor units, y << Se ie | ? | 
(a) Zero to 15% manuta 2 <<) @ Z_ = Impedance of phase section in which one er more units in one series section has 


(b) Variation jn capacitance of units due to different unit temperatures resulting been loste 
7 in top tiers operating at higher ambient temperatures than those 


from capaciters 1 Pa uEne : 
in lower tiers because of warm air rising from below, direct sunlight and cast- i : : Z.. = Impedance of normal phase sections. 


ing their shadows on lower tiers. 
a It may be found necessary to balance the bank by shifting individual capacitor units - Number parallel units per series section. 


to reduce the residual neutral current to within an allowable limit to permit proper 
neutral relay operation. Maximum allowable residual current specified as 1/h of the 
difference in neutral currents ebtained when the maximum permissible number of units 
are lest and permissible number plus one additional unit. | | 


— Number of series sections per phase section. 


he Shifting units will counteract unbalance caused by zero to plus fifteen per cent manu- - Percent of units lost in one series section. 
| facturing tolerance. Unbalance caused by item b in Conclusion Noe 2 usually may be | | 
| neglected providing bank is arranged so changes in capacitance due to different inter- ~ Total bank current to phase in which K units have been lost. 


nal operating temperatures will be equally distributed throughout all six phases groupSe | ey. a 
i Normal tetal bank current. 


M 
N 
K = Number of units lost in one series section. 
K 
iE 


5,  Double=-wye connected capacitor banks may be easily balanced in the field by using the 


following procedure, when it is found that the initial residual neutral current ex= : a | : 
I - Current in phase section in which K units have been lost. 


ceeds the maximum allewable value specified in Conclusion No. 3: a: 

(a) Determine magnitude and phase angle of initial residual Se: Eis ey 13 yal ae Ts - Current in remaining phase sections. 

(b) Determine phase groups contributing to unbalance and calculate magnitude of : @ . Source line te neutral voltages. 

capacitance change in the various phase groups necessary to reduce the initial re- | | 

aos gsidual current to near zeroes oe mee 
| : : : Kop» Hee Be aos Seurce phase=-to-phase voltage. 
' (c) Balance bank by interchanging high and low capacitance units to achieve calculated | ‘ | . hee 
a capacitance change necessary to achieve proper balance. | @ © 2 ee - Voltage across series with K units lost. 
| 4 : . yy) j . | 
| 6, Balancing in the field can be eliminated if proper consideration is given to the pro- | eni- Voltage acress series section under normal conditions. 
| blem by the engineers designing the bank. By balancing the phase groups on paper and | | 
then adhering to a strict unit placement program during field erection there should : Loy 
| be no problem of "tolerance unbalance." N eC : 
| 7, A single phase wattmeter or a phase meter can be used to determine which phase group oly- Neutral current in percent of normal total bank current 
| contains a blown fuse on a large bank. ) Sea 7 | 
| I,p- Assumed neutral current resulting from one unit being removed from top section of 
The author wants to express his appreciation to Mr. P. #. Hendrickson for his assistance . A phase. | | 
| in the preparation of this paper. He alse wishes to express his appreciation to Mr. d. A. ) | 
| Rawls, Mr. T. 5. Martin, Mr. B. B. Brown and Mr. E, F. Eldred, all of Virginia Blectric and | | 3 3 Lom he Actual neutral current when one unit is removed from top section of A phase. 


Power Company for their encouragement and constructive criticism of this paper. 


Le Actual residual neutral current with all units in service. 
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APPENDIX I 


The following equations can be written by inspection of Fig. &: 


Be oe np = - (3) 
Met sutt,-o oe 

i= ty = hs (5) 

Solving ee (3), @ & () gor 1, 

Iy = sae — we | (6) 


Neutral current in percent at normal total bank current is: 


%Z1 =|Iy 


tal 


x 100 | | | (7) 


Normal total bank current (when Ze = Zp) is: 
Tal = “E (8) 


Substituting equation (8) in equation (7): 


% In = Zn Ty 100 (9) 
2E 


By inspection of Fig. 8: 


Ig=Inth. oe (10) 

I, = I, Zn ; (11) 
21 + Zn 

: Z (22) 

in = _ (de 
e 21 t+ Sy 


EFRMINATION OF NEUTRAL CURRENT 


DET 


=—1O- 


Substituting equations (11) & (12) into equation (6) 


a 


Ly 


To solve for Ig convert double-wye network (Fig. 8) 


to delta-network (Fige 9). : 3 


he Zy (2 + Zn) 


4) = 
421 
Zo = +2 Zy Zn 
Sern all 
43 = i 2 2) 4p 
2) Tae + oe 


By inspection of Hie. 9: 


ii, ip 
Ja = Bap — Eca 


From equations (15) &(16): 
42 = L3 
Substitution equation (19) into equation (18) 


. 1 
I, = — (Eap - Eca) 
42 


The following voltage equalities may be written: 
Eab = V3E_ 
Eea =av3E 


(43) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 


(20) 


(21) 


(22) 


Ee See ee ee ee . Sasi oa Se ee ae gS ee é ee ea Sorin 
ese —_ - 
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eae eee eae Sree ee 


alae 


Subst ituting 
I, = 33a°E 
ZA 


Substituting equation (15) into equation (23) 


1S a 
De Te + Ly 


Substituting equation (24) into equation (13) 
Cs ) 
IN = (702, + ine + AZeen ) (Ze - 2n) 


& impedance angles 


B ogg, -3 Ce-%) (100) 
2 (5%e + Zp) 
However: 
= -jXcN 
ea 


~jXc(N-1) + -jXc 


Le = 
rr MK 


Substituting equation (27) & (28) into equation (22) 
%In = 150 
: On(M - 1) + 5 
(ee) 


Equation (27) in terms of %Z units lost is: 


Pie 3. 50 
= én (100 - 1) +5 


(Ky ) 


equations (21) & (22) into equation (20) & solving for I, 
(23) 


(24) 


(25) 
Substituting equation (25) into equation (9) & neglecting voltage 


(26) 


(27) 


(28) 


(29) 


(30) 


! 
} 
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APPENDIX IT 
DETERMINATION OF RESULTING OVERVOLTAGE 


ex = le(-JXe) (31) 
M=K 


pi 1,3 (-jXe) 


etl (32) 
OM 


gee = "°K x 100 (33) 
enl : 
Substituting equations (31) & (32) into equation (33) 


Ua 2M) 100 


ee Pee (MK) (34) 


Substituting equations (8) & (25) into equation ( 34.) & neglecting 
voltage & impedance angles: 


hep = ___ 6Min 100 (35) 


Substituting equations (27) & (28) into equation (35) 


dep . 600 MN | | (36) 
6N(M-K) + 5K | 


Equation (36) in terms of % units lost is: 


Zee = 60000 N , H (37) 


co TABLE J a | 
NEU CURR PRI FIRST INT 
location of Unit Removed Neutral Current 
| , 
A — Top Phase > | i 0.355 
B — Top Phase 0,110 
C — Top Phase 0.530 
A - Bottom Phase | | 0.355 
B — Bottom Phase 0,560 


C ~ Bottom Phase | ae 0,215 


es Se een ee ee ees 


& @ ak : ll! PARALLEL UNITS 


PER SERIES SECTION 


eo 

Location of Unit Removed | Neutral Current ) : 

A ~ Top Phase 0. 330 , | 

B —- Top Phase — | : 0,110 | | ‘ | 

C — Top Phase 0, 328 | | | Ae 

A ~- Bottom Phase 0,201 | | TO GANG 

B ~ Bottom Phase 0.375 | | POTENTIAL — 

C — Bottom Phase 0, 220 | | : : SWiTECHs 1. CT. 


| | | | | 3 5 Fig. 3. Wattmeter -— Phasemeter balancing | a ae 
| ) : , | 


circuit. IS SERIES SECTIONS 


3 | PER PHASE 
| NUMBER OF SERIES : | | 


| SECTIONS PER PHASE Le | | | | | 
16 SOO 64 Be | | Fig. 4. Schematic of 


capacitor bank design. 
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Fig. 1. Curve of overVoltage on remaining 
units in series section vs. percentage 
of units removed from that section. 
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Fig. 2. Curve of neutral current vs, per- 
centage of units removed from one series 
section. 


ee Ippa/ 


REFERENCE 


a 


LAT 


It Icp 


<¢—— TOP PHASES 
¢-— BOTTOM PHASES 
<--— RESULTANT 
@——— NORMAL NEUTRAL 


Fig. 6. Neutral current vector diagram 
before interchange. 


| Fig. 8, Currents in double-wye connected 
capacitor bank. | : 
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Fig. 7. Neutral current vector diagram 
after first interchange. 


I 
give. 
A 
‘T3\ : 
{ Z> 23 
Pi bp 
4— 
Z| 


Pig. 9. Currents in equivalent delta con- 
nected capacitor bank. 3 
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